Theiler's murine encephalomyelitis virus (TMEV) is a highly cytolytic picornavirus that persists in the mouse central nervous system (CNS) largely in macrophages with infection maintained by macrophage-tomacrophage spread. Infected macrophages in the CNS undergo apoptosis. We recently showed that M1-D macrophages infected with the low-neurovirulence TMEV BeAn virus became apoptotic through the mitochondrial pathway that is Bax mediated. Our present analyses of the molecular events and signaling pathway(s) culminating in the mitochondrial outer membrane permeabilization that initiates the caspase cascade and apoptosis of BeAn virus-infected M1-D macrophages revealed activation of p38 mitogen-activated protein kinase by 2 to 3 h postinfection (p.i.), followed by phosphorylation of tumor suppressor protein p53 Ser 15 at 3 to 6 h p.i., stabilizing p53 levels until 6 h p.i. Activated p53 upregulated the transcription of proapoptotic puma and noxa genes at 2 to 4 h p.i. and their BH3-only protein expression, followed by the loss of detectable prosurvival Mcl-1 and A1 proteins at 4 to 10 h p.i. Degradation of the prosurvival proteins is known to release Bax, which forms homo-oligomers and translocates into and permeabilizes the mitochondrial outer membrane. Inhibition of phospho-p38 by two specific inhibitors, SB203580 and BIRB796, led to a significant decrease in apoptosis at 10 h p.i., with no effect on virus titers (only SB203580 tested). Together, these data indicate that p53 activation is required for the induction of apoptosis in infected M1-D cells.
Mice inoculated intracerebrally with Theiler's murine encephalomyelitis virus (TMEV) develop persistent central nervous system infection and chronic inflammatory demyelinating disease, providing an experimental animal analog for multiple sclerosis. TMEV persists primarily in macrophages, the most prominent cellular component of demyelinating lesions. Since TMEV is a highly cytolytic picornavirus, persistence is presumably maintained by cell-to-cell spread of the virus, with infection detected in only a small percentage of macrophages at any time point, which is consistent with the paradigm of persistent picornavirus infections in cell cultures (43) . In the mouse central nervous system, macrophages, including those that are infected, undergo apoptosis (24, 34, 39) . As a part of our ongoing efforts to elucidate the virus-cell interactions of TMEV-infected macrophages in culture, we recently showed that M1-D macrophages infected with the low-neurovirulence TMEV strain BeAn undergo Bax-mediated apoptosis through the mitochondrial pathway (38) . Apoptotic M1-D cells were first detected 8 to 10 h postinfection (p.i.), and cell death from apoptosis progressed linearly from 8 to 16 h p.i. Immunoblotting revealed that capase-9 was cleaved to its 37-kDa active form 8 h p.i., with permeabilization of the mitochondrial outer membrane leading to release of cytochrome c, followed by caspase-3 cleavage to its 17-kDa active form. Thus, apoptosis in this infection largely evolves between 8 and 16 h p.i. Interestingly, overexpression of Bcl-2 provided minimal although significant protection, and overexpression of Bcl-x L provided no protection against apoptosis (38) .
Programmed cell death through the mitochondrial pathway is regulated by the Bcl-2 family of proteins, which contains three structurally and functionally distinct subgroups: (i) Bcl-2-like prosurvival proteins, which share up to four Bcl-2 homology (BH) domains; (ii) proapoptotic Bax/Bak proteins, which contain the BH1, BH2, and BH3 domains; and (iii) the proapoptotic BH3-only proteins which share only short BH3 domains. Apoptosis is initiated when prosurvival Bcl-2 family proteins are engaged by proapoptotic BH3-only proteins through the interaction between an ␣-helix formed by the BH3-only proteins and the hydrophobic groove formed by the BH1, BH2, and BH3 domains of the prosurvival Bcl-2 members (28, 44) . Chen et al. (2) found that these interactions were not promiscuous but vary over 10,000-fold in affinity, indicating that only certain pairs associate inside the cell. Moreover, various cellular stresses appear to play a role in selectively activating the proapoptotic BH3-only proteins.
To identify the principal proapoptotic BH3-only and prosurvival multi-BH domain Bcl-2 family members engaged in BeAn virus-induced apoptosis in M1-D cells and to obtain insight into the cellular stress(es) involved, we examined the sequence of molecular events leading to apoptosis in BeAn virus-infected M1-D cells. Our analyses revealed activation of the p38 mitogen-activated protein kinase (MAPK) by 3 h p.i., phosphorylation of p53 Ser 15 and stabilization of p53 expression at 3 and 6 h p.i., transcriptional upregulation of proapoptotic Puma and Noxa at 2 to 4 h p.i. and their subsequent expression, and loss of prosurvival Mcl-1 and A1 protein expression, 4 to 10 h p.i. This sequence of events results in the release of the downstream multi-BH domain Bcl-2 member Bax (38) that permeabilizes the mitochondrial outer membrane to initiate the caspase cascade and apoptosis.
MATERIALS AND METHODS
Cells and viruses. BHK-21 cells were grown in Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum (FBS), 7.5% tryptose phosphate, 2 mM L-glutamine, 100 U of penicillin/ml, and 100 g of streptomycin/ml at 37°C in 5% CO 2 . Cells of the immature myelomonocytic cell line M1, derived from the SL mouse strain, were induced to differentiate into M1-D macrophages with supernatants from L929 and P388D1 cells, as described previously (14) . The origin and passage history of the BeAn virus stock has been described (33) . Virus titers of clarified lysates of infected cells were determined by standard plaque assay in BHK-21 cells (33) .
Virus infections. After virus adsorption at a multiplicity of infection (MOI) of 10 for 45 min at 24°C, the cell monolayers were washed twice with phosphatebuffered saline (PBS) containing 1 mM CaCl 2 and 0.5 mM MgCl 2 , followed by incubation in Dulbecco modified Eagle medium containing 1% FBS at 37°C for the times indicated. The end of the adsorption period was designated as time zero.
Apoptosis assay. The number of apoptotic cells was determined by using DAPI (4Ј,6Ј-diamidino-2-phenylindole) staining. Briefly, M1-D cells grown and infected on glass coverslips (Fisher Scientific Co., Pittsburgh, PA) were fixed in 4% paraformaldehyde for 15 min at room temperature, washed twice in PBS (pH 7.2), and incubated with DAPI at a final concentration of 0.5 g/ml for 5 min. Coverslips were washed with 0.5% Tween 20 in PBS and distilled H 2 O and viewed with a Zeiss digital confocal microscope. At least three randomly chosen fields, each field containing ca. 75 to 100 cells, from a coverslip were photographed at ϫ400 magnification, and the percentage of cells with condensed chromatin and fragmented nuclei was determined by a blinded observer; each experiment was repeated twice. The results of this assay based on nuclear changes characteristic of apoptosis (condensed chromatin and smaller and fragmented nuclei) correlated with those obtained by TUNEL (terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling) staining and fluorescence-activated cell sorting of annexin V-and propidium iodide-stained cells in previous reports on BeAn virus infection in M1-D cells (10, 38) .
Reagents. The following reagents and antibodies were purchased commercially: rabbit anti-actin, rabbit anti-A1, rabbit anti-Bcl-w, rabbit anti-Bim, rabbit anti-caspase-3, rabbit anti-Flag M2, rabbit anti-phospho-p53 (Ser 15), rabbit anti-Puma, and mouse anti-caspase-9 antibody from Cell Signaling Technology (Beverly, MA); mouse anti-Bax, rabbit anti-Noxa, rabbit anti-Mcl-1, rabbit antip53, rabbit anti-p38, rabbit anti-Bak, and rabbit anti-phospho-JNK from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA); goat anti-mouse immunoglobulin G (IgG)-horseradish peroxidase, goat anti-rabbit IgG-horseradish peroxidase rabbit anti-Bcl-x L antibody from BD Pharmingen (San Diego, CA); rabbit antiphospho-ERK1/2 and phospho-p38 from R&D Systems, Inc. (Minneapolis, MN); anti-rabbit-IgG Alexa Fluor 568, puromycin, and MitoTracker Red CMXRos from Invitrogen (Carlsbad, CA); p38 MAPK inhibitors SB203580 from Calbiochem (Darmstadt, Germany); BIRB796 from Axion Medchem (Groningen, The Netherlands); and enhanced chemiluminescence solution from Amersham (Piscataway, NJ). The construct pBABE-puro retroviral vector for p53 GSE56 expression was provided by Nissam Hay at UIC (Chicago, IL), and pcDNA3-human Mcl-1 was provided by W. Douglas Cress at the H Lee Moffitt Cancer Center (Tampa, FL). Subcellular fractionation. Cytosol, heavy membranes/organelles, and nuclear fractions of M1-D cells were isolated by using a subcellular proteome extraction kit (Calbiochem). Briefly, 10 6 cells in a 35-mm well were washed with PBS for 10 min at 4°C amd incubated in 400 l of ice-cold extraction buffer I containing protease inhibitors, with removal of the supernatant as the cytosolic fraction.
Monolayers were then incubated for 30 min at 4°C in 400 l of extraction buffer II containing protease inhibitors, with removal of the supernatant as the heavy membranes/organelle fraction. Finally, monolayers were incubated for 10 min at 4°C in 200 l of ice-cold extraction buffer III containing protease inhibitors and benzonase nuclease, which served as the nuclear fraction.
RNA isolation and real-time quantitative RT-PCR. RNA was isolated from mock-infected and virus-infected cells by using a PerfectPure RNA isolation kit from 5 PRIME (Boulder, CO). Puma, Noxa, Mcl-1, and A1 mRNA levels were determined by real-time quantitative reverse transcription-PCR (RT-PCR) using TaqMan probes. Sequences of forward and reverse primers and TaqMan probes (Table 1) were designed by Primer Express from Applied Biosystems (Foster City, CA). A standard curve for each target was generated by using a synthesized amplicon equivalent to the PCR product. PCRs were monitored in real time in an ABI Prism 7700 sequence detector (Applied Biosystems, Inc.). Target gene mRNA levels expressed in atograms were normalized to pg of GAPDH (glyceraldehyde-3-phosphate dehydrogenase).
Transient transfection. Subconfluent monolayers of M1-D cells in 35-mm six-well plates were transfected with pcDNA3-human-Mcl-1 (6), pcDNA3 empty vector or enhanced green fluorescent protein (EGFP) and Lipofectamine 2000 (Invitrogen) at a 2.5:1 ratio of reagent to DNA. Complexes incubated for 20 min at 24°C were added to cell monolayers for 4 h at 37°C, the growth medium was replaced, and incubation was continued for 24 to 48 h at 37°C in 5% CO 2 .
Statistical analysis. Paired Student t test was used to compare groups, and differences were considered significant at P Ͻ 0.05.
RESULTS

Role of prosurvival Bcl-2 family members in BeAn virusinfected M1-D cells. The antiapoptotic Bcl-2 family members
Bcl-2, Bcl-x L , Bcl-w, Mcl-1, and A1 play a central role in cell survival, and Mcl-1 and A1 in particular are expressed in hematopoietic cell lineages and promote viability during proliferation, differentiation, or in response to stress (25) . We previously found that overexpression of Bcl-2, but not Bcl-x L , in BeAn-infected M1-D cells delayed the cleavage of caspases-9 and -3 and provided modest but significant protection from cell death (38) . To determine whether another prosurvival family member might provide still greater protection from apoptosis than Bcl-2, we analyzed the expression profiles of the five antiapoptotic Bcl-2 proteins by immunoblotting them in both undifferentiated M1 promyelomonocytes and differentiated M1-D macrophages based on the demonstrated regulation of Bcl-2 and Bcl-x L mRNA levels as a function of differentiation of M1 into M1-D cells (13) . Bcl-x L expression increased, Bcl-2, Bcl-w, and Mcl-1 decreased, and A1 did not change in M1-D cells compared to undifferentiated M1 cells (Fig. 1A) . After infection of M1-D cells, the expression of Bcl-2 and Bcl-w was barely detectable and that of Bcl-x L , which was more robust, did not change between 1 and10 h p.i. (Fig. 1B) . In contrast, expression of Mcl-1 and to a lesser extent A1, was initially upregulated but then decreased to low levels at 5 to 10 h p.i. (Fig. 1B) (38) , suggesting that Mcl-1 and A1 were degraded, thereby releasing Bax to initiate the caspase cascade and apoptosis. Upregulation of Puma and Noxa proapoptotic BH3-only proteins after infection. Of the proapoptotic BH3-only proteins known to interact with Mcl-1 and A1, Bim and Puma have the highest affinity, whereas the interaction affinity of Bik and Hrk with A1 is ϳ10-fold lower and that of Noxa with Mcl-1 is ϳ5-fold lower and with A1 ϳ30-fold lower than Bim and Puma (2) . Based on these selective interactions and because Bik, which is prominently expressed in epithelial tissues, and Hrk, which is expressed in neurons, are both dispensable for hematopoietic cell apoptosis (4, 5), we examined only the expression of Bim, Puma, and Noxa in BeAn virus-infected M1-D cells. Immunoblotting analysis revealed no difference in the level of Bim after infection from that in mock-infected cells, whereas expression of Puma increased twofold at 2 to 4 h p.i., and Noxa, which was undetectable in uninfected cells and early after infection, was substantially upregulated at 6 to 10 h p.i. (Fig. 2) . The temporal upregulation of Noxa paralleled the initiation and progression of apoptosis in these infected cells.
Transcriptional upregulation of relevant proapoptotic and prosurvival Bcl-2 family members after infection. Quantitation of Puma, Noxa, Mcl-1, and A1 mRNAs by real-time RT-PCR revealed that only modest upregulation of Mcl-1 and A1 (ϳ30%) was seen by 4 h p.i., with declining levels thereafter ( Fig. 3A and B, respectively) ; however, little is known about the transcriptional control of Mcl-1 and A1 in nontumor cells (42) . In contrast, upregulation of Puma and Noxa mRNAs showed ϳ4-and ϳ3-fold increases, respectively, with peak levels at 4 h p.i. and with a subsequent decline of levels to approximately those of mock-infected cells (Fig. 3C and D,  respectively) . The results for Puma are consistent with the protein expression results, whereas the kinetics of Noxa expression were delayed by several hours.
Overexpression of Mcl-1 protects against apoptosis. Because of the known role of Mcl-1 in macrophage survival and because Mcl-1 degradation p.i. corresponded temporally with initiation of apoptosis, M1-D cells were transiently transfected to overexpress Mcl-1 (Fig. 4A) , infected with virus 16 h later, and compared to cells transfected with EGFP and virus infected for Mcl-1, Bcl-2, and caspase-3 and -9 protein expression ( Fig. 4B to E) . In Mcl-1-overexpressing cells infected at MOIs of 10 and 20, cleavage of caspase-9 and -3 to their active forms at 10 h p.i. was reduced compared to levels in their transfected counterparts ( Fig. 4B; Fig. 4C shows the relative densitometric cleavage values of the immunoblot data). The effect of Mcl-1 overexpression was also compared to that of Bcl-2 overexpression in virus-infected M1-D cells. Mcl-1 overexpression significantly reduced apoptosis in infected M1-D cells (MOI ϭ 10) at 8 (P Ͻ 0.01) and 10 (P ϭ 0.02) h p.i. (Fig.  4D) , which is especially notable considering that the efficiency of transient transfection was ϳ40%, whereas overexpression of Bcl-2 did not protect against apoptosis (Fig. 4E) . These results indicate that Mcl-1 plays a greater prosurvival role in BeAn virus-infected M1-D cells than either Bcl-2, or as previously reported, Bcl-x L (38) .
Early activation of p53 in infected M1-D cells. The BH3-only proapoptotic proteins Noxa and Puma are critical for p53-mediated apoptosis, and the noxa and puma genes are both direct transcriptional targets of p53 (23, 36, 41) , although apoptosis can also be induced by p53-independent pathways. Because Puma and Noxa protein expression was upregulated in BeAn virus-infecied M1-D cells (see Fig. 2 ), we examined the expression of the p53 tumor suppressor protein and its modification by Ser-15 phosphorylation, which leads to stabi- lization of p53 by reducing its interaction with MDM2. Immunoblot analyses showed that p53 levels increased at 1 to 2 h p.i., remained elevated until 5 to 6 h p.i., and decreased thereafter, whereas the temporal kinetics of Ser-15 phosphorylation were slightly delayed but otherwise similar to the p53 expression pattern (Fig. 5A and B) , a finding consistent with an important role for Ser-15 phosphorylation. The possible phosphorylation of other p53 amino acids was not assessed.
Since p53 translocates from the nucleus to the cytoplasm, transcriptionally activates Bax (3, 21) , and targets the mitochondrial membranous compartment (20), we assessed the localization of p53 within the cell at 2 to 4 h p.i. Immunofluo- rescence staining with rabbit polyclonal antibody to p53 revealed translocation of p53 from the nucleus to the cytoplasm of infected but not mock-infected cells as early as 2 h p.i.; however, colocalization of p53 with MitoTracker was not detected (Fig. 5C shows the results at 3 h p.i.). Fractionation of infected cells and immunoblotting detected no signal in the mitochondrial fraction of infected cells at 3 h p.i. (Fig. 5D ; the faint bands lanes 3 and 4 migrated faster than those of p53). Together, these results indicate that p53 is activated within 1 to 2 h p.i., transactivates two of its target genes (puma and noxa), and translocates to the cytoplasm without localization to mitochondria in these experiments. p53 transcriptional activity is required for apoptosis in BeAn-infected M1-D cells. To examine the role of p53 transcriptional activation of Noxa in BeAn virus-induced apoptosis, M1-D cell clones constitutively expressing a p53 genetic suppressor element (GSE56) (26, 32) , which acts as a dominant-negative (dn) peptide, were selected by antibiotic resistance (Fig. 6A) . Expression of GSE56, a C-terminal region of p53 (amino acids 275 to 368), results in the accumulation of a transcriptionally inactive form of p53. In a representative experiment, the amount of Noxa at 8 to 10 h p.i. was reduced by Ͼ50%, and the levels of Mcl-1 increased at least twofold even in mock-infected cells at 4 to 10 h p.i., as detected by immunoblotting ( Fig. 6B-D) , indicating that p53 expression in infected M1-D cells was responsible for the transactivation of Puma and Noxa and, in turn, for the degradation of Mcl-1. In dn GSE56-expressing cells, there was also a 1.5-fold increase in Bax p.i. (results not shown). Moreover, the constitutive expression of the dn p53 peptide GSE56 in M1-D cells significantly inhibited apoptosis (Fig. 6E) , indicating the role of p53 transcriptional activity in mediating the death of these infected cells. p38 kinase is activated by BeAn virus infection. Because extracellular signal-regulated kinase (ERK) and p38 MAPK induce phosphorylation of p53 serine 15 (35), we examined the phosphorylated forms of MAPKs by immunoblotting. Experiments revealed robust phospho-p38 levels after overnight growth of M1-D cells in medium containing 10% FBS but not after reducing FBS to 1% 6 h prior to virus adsorption (Fig.  7A, lane 11, shows the results at 1 h before virus adsorption). Virus adsorption at 24°C transiently stimulated phospho-p38 (Fig.  7A, lanes 1 and 2; 0 h p. i. represents the beginning of incubation at 37°C after virus adsorption). The amount of phospho-p38 kinase began increasing by 3 p.i., the amount of phospho-SAPK-JNK1/3 increased only at 6 h p.i., and that of phospho-ERK remained constant over time p.i. (Fig. 7A and B) , suggesting that activation of p38 kinase accounts for phosphorylation of p53 Ser-15 in BeAn virus infection. Indeed, addition of the p38 kinase inhibitor SB203580 (10 M) to the medium 2 h before and during infection of M1-D cells led to a Ͼ50% decrease in the amounts of phospho-p38 at 3 and 5 h p.i. and a 25% decrease at 6 h p.i.; phospho-p53 Ser-15 levels were below the level of detection during this period (Fig. 7C) . Inhibition of phospho-p38 by SB203580 and by a more potent and specific inhibitor, BIRB796 (1), also resulted in a significant decrease in apoptosis at 10 h p.i. (Fig.  7D) ; BIRB796 also inhibited phosphorylation of p38 and p53 Ser15 (data not shown). The effect of the p38 MAPK inhibitor SB203580 on apoptosis was not due to a reduction in BeAn virus replication, since virus titers at 12 h p.i., the peak of virus multiplication in M1-D cells incubated with 10 M SB203580 2 h before and during infection with BeAn virus (MOI ϭ 10), revealed no significant reduction (P Ͼ 0.05) in mean titers (Ϯ the standard error; n ϭ 3; 35.2 Ϯ 6.0 PFU/cell mock-treated versus 23.8 Ϯ 4.3 PFU/cell SB203580-treated cells). The same concentration of SB203580 was reported to have no effect on yields of other picornaviruses (12, 37) .
DISCUSSION
p38 MAPK is known to be proapoptotic and to both transcriptionally activate p53 and phosphorylate Ser-15, preventing Mdm2-mediated ubiquitination of p53 and its subsequent proteasomal degradation (11, 16) . In BeAn virus-infected M1-D cells, p38 MAPK was activated by 2 to 3 h p.i. and followed by phosphorylation of the p53 tumor suppressor protein Ser-15, stabilizing the levels of p53 between 3 and 6 h p.i. Treatment of infected cells with the p38 MAPK inhibitors SB203580 and BIRB796 prevented p53 activation and apoptosis. Based on our experiments using the dn p53 genetic suppresser element (GSE56), p53 transcriptionally upregulated the proapoptotic puma and noxa genes at 2 to 4 h p.i., with increased expression of Puma and Noxa occurring later. The kinetics of Noxa expression appeared to be delayed compared to that of Puma; however, since resting and initial Noxa expression levels p.i. were undetectable, it is conceivable that Noxa expression was actually upregulated before 6 h p.i. Thus, Puma and Noxa appear to play a predominant role in apoptosis in infected M1-D cells because their expression coincided with a decrease in levels of Mcl-1 and A1 and with the onset of apoptosis at 8 to 10 h p.i. Puma is usually more important than Noxa for cell killing because it binds with high affinity to all prosurvival Bcl-2 family members, whereas Noxa binds only to Mcl-1 and A1 (2) . After the binding of proapoptotic BH3-only proteins to prosurvival Bcl-2 family members, degradation of the prosurvival proteins releases Bak/Bax, which form homo-oligomers and permeabilize the mitochondrial outer membrane, initiating the caspase cascade and apoptosis. Together, our data indicate that p53 activation plays a central role in the induction of apoptosis in infected M1-D cells.
The basis of macrophage resistance to apoptosis includes expression of prosurvival Bcl-2 family members, among which Mcl-1 predominates in differentiated human macrophages to regulate the macrophage life span (19) . We were unable to generate an M1-D cell line expressing high levels of Mcl-1 using a murine Mcl-1 construct assembled in M1-D cells in our lab; other investigators have also not succeeded in generating highly expressing Mcl-1 cell lines for reasons that are unclear. In contrast, human Mcl-1 (pcDNA3-Mcl-1) was transiently expressed at high levels. Overexpression of human Mcl-1 in virus-infected M1-D cells inhibited the cleavage of caspase-9 and -3 and protected the cells from apoptosis at 8 and 10 h p.i., whereas neither Bcl-x L (38) nor Bcl-2 overexpression protected against apoptosis. A1, originally identified as a novel murine granulocyte/macrophage colony-stimulating factor-inducible gene, is expressed in hematopoietic cell lineages, including T-helper cells, macrophages, and neutrophils (17) . Because of the predominant role of Mcl-1 in macrophage survival and because Noxa binds to Mcl-1 with eightfold higher affinity than to A1 (Puma binds these prosurvival proteins with similar affinity), we focused on Mcl-1. However, a prosurvival role for A1 in virus-infected M1-D cells cannot be excluded.
Recently, we showed that the BeAn virus L protein induces apoptosis in transiently transfected BHK-21 and M1-D cells (10) . Cardioviruses regulate nuclear trafficking of cellular proteins and RNA through the L protein, which contains a CHCC zinc finger motif near the N terminus, an acidic domain with potential Thr and Tyr phosphorylation sites and, only in TMEV, a C-terminal Ser/Thr domain (8, 47) . The cardiovirus L binds Ran-GTPase and phosphorylates nucleoporins, leading to disruption of the nuclear pore complex that spans the nuclear envelope and the Ran gradient (29-31). Phosphoryla- tion of nucleoporins by encephalomyocarditis virus is dependent on phosphorylation of p38 and ERK early in infection, since specific MAPK inhibitors prevent phosphorylation (Ann Palmenberg, unpublished data). It is possible that BeAn L is responsible for phosphorylation of p38, leading to transcriptional activation of p53 and apoptosis. Finally, the expression of JAZ, a novel C 2 H 2 class of zinc finger protein, was reported to be upregulated in hematopoietic cells undergoing cell death from the stress of interleukin-3 growth factor withdrawal and to associate with p53 to stimulate its transcriptional activity (45) . Although JAZ and the L protein belong to different classes of zinc fingers, it will be important to investigate whether BeAn L can directly activate p53 or activate it by stimulating phosphorylation of p38 MAPK. Viruses from five different RNA virus families have now been shown to induce apoptosis by activating p53. Both severe acute respiratory syndrome coronavirus virus and avian reovirus activate p53 through the MAPK pathway (18, 27) . For severe acute respiratory syndrome virus, transfection of Huh7 cells with protein 3a, a triple-membrane-spanning protein that accumulates in the endoplasmic reticulum and Golgi bodies, mediated the upregulation of p53 by inhibiting the nuclear translocation of STAT 3, a negative regulator of p53 (27) , whereas no avian reovirus gene product was implicated in p53 activation (18) . Infection of respiratory epithelial cells by respiratory syncytial virus-induced apoptosis, which was inhibited by antibodies against the F protein, and expression of the F protein caused phosphorylation of p53 Ser-15 and activated p53 transcriptional activity (9) . It remains unclear how respiratory syncytial virus fusion protein activates p53. Nasirudeen et al. (22) reported that dengue virus infection of Huh7, Vero, and BHK-21 cells induced apoptosis that was p53 dependent, but neither a virus gene product nor a mechanism of p53 was investigated. Finally, the capsid protein of West Nile virus was found to bind directly to and sequester Hdm2 in the nucleolus, perturbing the interaction of Hdm2 with p53 and leading to apoptosis (46) .
We found that inhibition of p38 MAPK by SB203508 and of p53 transcriptional activity by the dn GSE56 and overexpression of Mcl-1 proved insufficient to maintain infected M1-D cells alive after 10 h p.i. (not shown). The death of activated macrophages is known to occur by both caspase-dependent and -independent mechanisms, although the latter is not well studied. Apoptosis elicited by tumor necrosis factor alpha through death receptors indicates that necrotic cell death may function as a back-up cell death pathway when caspase-dependent pathways cannot be activated (15, 40) . Whether necrotic cell death commences in BeAn virus-infected M1-D cells when caspase-mediated cell death is inhibited remains to be addressed.
